The Majorana versus Dirac nature of neutrinos remains an open question. This is due, in part, to the fact that virtually all the experimentally accessible neutrinos are ultra-relativistic. Noting that Majorana neutrinos can behave quite differently from Dirac ones when they are non-relativistic, we show that, at leading order, the angular distribution of the daughters in the decay of a heavy neutrino into a lighter one and a self-conjugate boson is isotropic in the parent's rest frame if the neutrinos are Majorana, independent of the parent's polarization. If the neutrinos are Dirac fermions, this is, in general, not the case. This result follows from CPT invariance and is independent of the details of the physics responsible for the decay. We explore the feasibility of using these angular distributions -or, equivalently, the energy distributions of the daughters in the laboratory frame -in order to address the Majorana versus Dirac nature of neutrinos if a fourth, heavier neutrino mass eigenstate reveals itself in the current or next-generation of high-energy colliders, intense meson facilities, or neutrino beam experiments.
I. INTRODUCTION
One of the leading unanswered questions about the neutrinos is whether they are Majorana or Dirac particles. Since all neutrinos that have been directly observed so far have been ultra-relativistic in the rest frame of the observing experiment, and ultra-relativistic Majorana neutrinos will almost always behave just like Dirac ones, the effort to determine whether neutrinos are Majorana or Dirac particles has proved very challenging. The most promising approach, by far, that is presently being pursued is the search for neutrinoless double beta decay.
In contrast to the behavior of ultra-relativistic neutrinos, that of non-relativistic ones can depend quite a lot on whether they are of Majorana or Dirac character. This is illustrated by the capture rate on tritium of the relic neutrinos from the Big Bang. Many, and perhaps all, of these very cold neutrinos are non-relativistic. For a given density, the tritium capture rate of the non-relativistic ones is twice as large if they are Majorana particles as it is if they are Dirac particles [1] . Unfortunately, the capture rate also depends on other unknowns, including the actual local (not universe-average) relic neutrino density, so using tritium capture of the relic neutrinos to determine whether neutrinos are of Majorana or Dirac character may prove to be unfeasible. Very low-energy eγ → eνν scattering [2] and neutrino pair emission from excited atoms [3] [4] [5] [6] [7] have also been explored as sources of non-relativistic neutrinos capable of addressing the Majorana versus Dirac question. The rates for these and related processes, alas, are exceedingly small.
The observation that non-relativistic Majorana and Dirac neutrinos can behave quite differently leads us to consider the possibility that there is a heavy neutrino N whose decays could be studied. In its rest frame, this neutrino would obviously be totally non-relativistic. Such a neutrino is being sought experimentally (for recent experimental efforts, see, for example, [8] [9] [10] [11] [12] . Recent compilations of existing experimental searches and constraints can be found in, for example, Refs. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .). Given that the leptons are known to mix, if one neutrino mass eigenstate is a Majorana fermion, it is very likely that all the mass eigenstates, including N , are Majorana fermions. Consequently, in this work we assume that either all neutrino mass eigenstates are Majorana fermions, or else all of them are Dirac fermions.
If all neutrinos are Majorana fermions, the rate for N to decay into some specific final states is twice as large as it would be if all neutrinos were Dirac particles [23] . However, this difference may not be too useful because the rate for decay into a given final state also depends on unknown parameters: active-sterile mixing angles, the existence of other new particles and interactions, etc. Thus, it is intriguing that the Majorana or Dirac character of neutrinos could also be revealed by the angular distribution of the particle X in a decay of the form N → ν l + X, where ν l is a lighter neutrino and X is a self-conjugate boson. The angular distributions in decays of this kind, and the laboratory-frame energy distributions of particle X that correspond to them, are the focus of this paper.
If there is a heavy neutrino N , the observation at, for example, a hadron collider of a lepton-number nonconserving sequence such as quark + antiquark → W + → N + µ + → (e + π − ) + µ + would tell us that the neutrinos, including N , are Majorana particles. However, this type of information is not always experimentally available. For example, if N is discovered at a neutrino oscillation experiment, manifest lepton-number nonconservation involving like-sign leptons as in our illustrative sequence may be impossible to establish because the detector may not have charge discrimination. The angular distributions on which we focus here could nonetheless still be studied.
II. NEUTRINO DECAY
Here we consider the two-body decays N → ν l + X of a heavy, polarized, spin one-half, neutral fermion mass eigenstate N .
* A preliminary version of the following discussion was given in Refs. [24, 25] . The daughter fermion ν l is a lighter neutral fermion, possibly one of the established light neutrino mass eigenstates ν 1 , ν 2 , or ν 3 , and X is a self-conjugate boson. Depending on the mass of N, X could, for example, be a γ, π 0 , ρ 0 , Z 0 , or H 0 . If X is any of these particles, the decay rate Γ(N → ν l + X) is twice as large if N and ν l are Majorana particles as it is if they are Dirac particles [23] . However, as already noted, this difference may not be a useful way to tell whether neutrinos are Majorana or Dirac particles, because the decay rate Γ(N → ν l + X) also depends on other unknown parameters. Thus, it is fortunate that the angular distribution of the daughters, which in most of these decay modes does not depend on elusive unknown parameters, is also quite sensitive to whether neutrinos are Majorana or Dirac particles.
A. Decay properties
Let us consider, in the parent's rest frame, the decay N → ν l + X of a heavy neutrino N that is fully polarized by its production mechanism, with its spin pointing along a direction we shall call +z. Suppose that the particle X emerges at an angle θ with respect to the +z direction (with ν l emerging oppositely), and that X and ν l are produced with helicities λ X , and λ ν , respectively (see Figure 1 ). With λ ≡ λ X − λ ν , rotational invariance dictates that the
angular distribution of X is given by
Here, Γ λ=+1/2 is the total rate for decays N → ν l + X yielding daughter helicity configurations that have λ = +1/2, and similarly for Γ λ=−1/2 . We may rewrite the angular distribution of Eq. (II.1) as
is the asymmetry parameter. For the moment, let us suppose that neutrinos are Dirac particles, and that the decays described by Eqs. 
where the parametersΓ λ=+1/2 ,Γ λ=−1/2 ,Γ, andᾱ are theN decay analogues of their N decay counterparts. At leading order in perturbation theory, the N decay amplitude for given θ and daughter helicities is
Here, H int is the Hamiltonian, or effective Hamiltonian, that causes the decay, and the "up" indicates that the parent N spin points in the +z direction. We assume that H int is invariant under CPT ≡ ζ : ζH int ζ −1 = H int . Then, taking into account that CPT is an antiunitary operator,
Here, the last step assumes invariance under a 180
• rotation about the axis perpendicular to the decay plane. Owing to the antiunitarity and antilinearity of ζ, the CPT invariance of H int , ζH int ζ −1 = H int , does not imply that the all-orders transition operator T for N → ν l + X obeys ζT ζ −1 = T , but only that it obeys ζT ζ −1 = T † . For this reason, the constraint of Eq. (II.7) holds only in lowest order, where T = H int , a Hermitean operator for which H † int = H int . Henceforth, unless otherwise noted, we assume that the lowest order result is an excellent approximation for the full result.
Summed over the helicities for which λ X − λ ν ≡ λ = +1/2, Eq. (II.7) implies that Γ λ=+1/2 =Γ λ=−1/2 . Similarly, summed over the helicities for which λ = −1/2, it implies that Γ λ=−1/2 =Γ λ=+1/2 . It follows that 8) and thatᾱ
Now, suppose that neutrinos are not Dirac particles, but Majorana ones. Eq. (II.7) still holds, but with the bars distinguishing antineutrinos from neutrinos erased. The neutrino decay angular distribution is described by Eqs. (II.1-II.4) and now Eq. (II.7), summed over the helicities for which λ = +1/2, implies that Γ λ=+1/2 = Γ λ=−1/2 . That is, α = 0 ; (II.10) the angular distribution is isotropic in the case of Majorana neutrino decay. This isotropy was noted for the special case where X = γ in Refs. [26, 27] . As we see, it holds for any self-conjugate boson X. As we also see, it is a consequence of rotational and CPT invariance alone, and does not depend on any further details of the interactions(s) driving the decay. † If the transition operator T for the decay N → ν l + X is CP invariant, then
This is the same constraint that we obtained from CPT invariance, but since CP, unlike CPT, is a unitary operator, there is no longer any requirement that T be Hermitean so, if CP invariance holds, the constraint holds to all orders in perturbation theory. Of course, the transition operator T may very well violate CP invariance. If it does, then the constraint of Eq. (II.11) is invalid, but the CPT constraint of Eq. (II.7) on the lowest-order decay amplitude still holds. For the processes we are considering, the lowest-order amplitude is likely to be an excellent approximation. In contrast to its isotropy in the Majorana case, the angular distribution in N → ν l + X need not be isotropic in the Dirac case. Indeed, as we discuss in Section III, if one assumes the decay of the neutrino is governed by the Standard Model weak interactions, the angular distributions of the various neutrino decay modes are typically quite far from isotropic and might allow us to determine whether neutrinos are Majorana or Dirac particles.
B. Energy distribution in the Laboratory
In the previous subsection, we considered the angular distribution of the decay of a neutral fermion in its rest frame. Given that the daughter ν l from the N → ν l + X decay is likely to fly off the detector environment undetected, reconstructing the N rest frame on an event-by-event basis may prove to be, experimentally, very challenging.
‡ Here, instead, we consider the decays in the laboratory frame and consider the energy distribution of the X particle, which "inherits" the properties of the angular distribution of the X particle in the rest frame of the neutral heavy lepton.
If the neutral heavy lepton has a fixed laboratory energy E N , and correspondingly a fixed laboratory threemomentum of magnitude p N , the X particle is produced in the decay N → ν l + X with laboratory energies E
assuming the daughter ν l to be massless. Here, r = m 2 X /m 2 N < 1, m N is the mass of the parent neutrino N , and m X is the mass of the daughter boson X.
If the X particle has the angular distribution, in the parent's rest frame,
where A ≡ αP , α is the decay asymmetry parameter introduced in the last subsection, and P is the polarization of the N sample, it is straightforward to compute the energy distribution of X in the laboratory frame:
The energy distribution in the laboratory frame is linear in E (L)
X and the slope of the distribution is proportional to A. Positive (negative) A implies a harder (softer) energy distribution for X in the lab frame.
If, in an experimental setup, the N particles enter the detector as a beam with energy distribution ρ(E N ), the † We thank S. Petcov for long-ago discussions of this point for the case where X = γ. ‡ If the four-momentum of the X particle were measured and if the direction of the momentum of the parent particle were known, it would be possible to reconstruct the four-momentum of N on an event-by-event basis.
number of decay X particles with energy E (L)
X observed inside the detector with total length D is proportional to
(II.16)
Here we assume the decay length of N to be much longer than D . The integration limits are
where the plus (minus) sign gives the maximum (minimum) value. Figure 2 depicts the rate of X particles per unit energy as a function of the energy E (L) X , for m X = 100 MeV, m N = 300 MeV, and a flat E N distribution bounded by 500 MeV and 1000 MeV. The different curves correspond to A = 0, ±1. If N is a Majorana fermion, only A = 0 is allowed, while any A ∈ [−1, 1] is possible if N is a Dirac fermion. At least in this case, the three curves are quite distinct and, naively, it seems that distinguishing Dirac from Majorana neutrinos using this energy distribution is straightforward as long as |A| is not too small in the Dirac case. The shapes of the curves in Figure 2 are easy to understand. For 132 MeV < E (L) X < 456 MeV, the entire nonzero spectrum of N particles from 500 MeV to 1000 MeV can contribute to the event rate. That is, for E (L) X in this range, the effective limits of integration in Eq. (II. 16) 
X either. That is why the A = 0 curve in Fig. 2 
is flat for 132 MeV
< E (L) X < 456 MeV. From the E (L) X dependence of dn X /dE
III. APPLICATION -NEUTRAL HEAVY LEPTONS
Neutral heavy leptons, sometimes referred to as sterile neutrinos and, when appropriate, right-handed neutrinos, are benign, well-motivated additions to the Standard Model. They are a natural side-effect of different mechanisms, including the renowned seesaw mechanism, that lead to nonzero neutrino masses. They also serve as a possible solution to the so-called short-baseline neutrino anomalies, and are an excellent warm dark matter candidate that is consistent with the observation of the currently unaccounted-for astrophysical 3.5 keV X-ray line. For recent comprehensive reviews on neutral heavy leptons, see Refs. [19, 28, 29] .
Neutral heavy leptons are the subject of intense experimental pursuit. Non-observations translate into constraints on their properties, especially their masses and how much they mix with the Standard Model (active) neutrinos. The simplest recipe for neutral heavy leptons, the one we will consider here unless otherwise noted, is as follows. Add to the Standard Model field content gauge-singlet fermions. After spontaneous symmetry breaking, these mix with the active neutrinos in such a way that the number of neutrino mass eigenstates is n, an integer larger than three. As usual, the flavor and mass eigenstates are related by a unitary matrix U with elements U αi : ν α = U αi ν i , where α = e, µ, τ, s 1 , s 2 , . . ., with s labeling the new fermions, and i = 1, 2, 3, . . . , n labeling the neutrino mass eigenstates, whose masses are m 1,2,3,...,n , respectively. We will assume that the neutrino masses are ordered from smallest to largest. The neutral heavy leptons, or heavy neutrinos, are ν 4 , ν 5 , . . . , ν n . Unless otherwise noted, in this section we will refer to the heavy neutrinos generically as ν 4 , rather than as N as in the previous sections, since "ν 4 " is a more natural notation for our present purpose.
Since the new gauge-singlet fermions do not couple to the Z-boson or the W -boson, the weak currents of the neutrino mass eigenstates are proportional to
where α are charged-leptons, α = e, µ, τ , or
Assuming no new interactions, the production and decay of heavy neutrinos is described by the weak interactions and calculable as a function of the heavy neutrino masses and the elements of the mixing matrix. Depending on the heavy neutrino mass, heavy neutrinos are best probed by different experiments. For m 4 10 eV, heavy neutrinos can be spotted in neutrino oscillation experiments with intense beams. For m 4 1 GeV, heavy neutrinos are produced in the decay of charged and neutral mesons and can be looked for in intense meson facilities, including charm and B-factories. The existence of heavier neutrinos, m 4 10 GeV, can be effectively investigated in collider experiments. The heavy neutrino lifetime and the allowed neutrino decay modes also depend on the heavy neutrino mass. For masses below an MeV, only ν 4 → ν l ν l ν l and ν 4 → ν l γ, l = 1, 2, 3 are allowed. Above an MeV, the three-body ν 4 → ν l e + e − decay mode is allowed, and for masses above the muon mass many more decay modes open up, including
where α , β are charged-leptons and H 0 is the Higgs boson. Regardless of their masses, the discovery of heavy neutrinos would modify our understanding of particle physics. It would also invite several questions, including whether these new neutral particles are massive Majorana or Dirac fermions.
As with the active neutrinos, one way to probe whether the heavy neutrinos are Majorana or Dirac fermions is to test whether they are charged under lepton number or, analogously, whether they mediate lepton-number violating processes. Heavy Majorana neutrino exchange could, for example, contribute to a nonzero rate for neutrinoless doublebeta decay. Their contribution, of course, would be entangled with that of the light neutrinos and could lead to a significantly enhanced or suppressed rate relative to what is expected from light neutrino exchange. This contribution, however, is rather indirect.
One can also investigate whether the decay of the heavy neutrinos violates lepton number. For example, If the neutrino is produced in a charged-meson decay together with a charged-lepton and later decays into another charged lepton (e.g. K + → µ + ν 4 followed by ν 4 → e ± π ∓ ), it may be straightforward to spot lepton-number violating effects. Indeed, same-sign dilepton events in a hadron collider are among the different clean search channels for Majorana neutral heavy leptons (e.g. pp → W + → µ + ν 4 followed by ν 4 → e + plus jets). This strategy, however, may fail in a variety of ways. If the heavy neutrino is too light, it may be forbidden from decaying into a final state that easily reveals its lepton number. For example, if the heavy neutrino mass is below the pion mass, all information regarding the would-be lepton number of the final-state is contained in neutrinos, which we assume are not observable. This includes the three-body decays ν 4 → ν l e + e − and ν 4 → ν l µ ± e ∓ . It is also possible that the detector cannot tell positively from negatively charged leptons. This is the case of many neutrino detectors associated with the current and the next generation of neutrino oscillation experiments (Super- [30] and Hyper-Kamiokande [31] , the short-baseline detectors at Fermilab [32] , NOνA [33] , DUNE [34] ).
The angular distribution of the daughters of the heavy neutrino decay, discussed in the previous section, provides another handle on revealing the nature of neutrinos, including the heavy one. In order to pursue this avenue, one needs to meet several requirements. We discuss some of these in more detail.
The heavy neutrino sample must be polarized. Assuming these are produced via the weak interactions, as discussed above, this is almost always the case given the maximally-parity-violating nature of the weak interactions.
* Furthermore, if one cannot establish the lepton-number of the neutrino on an event-by-event basis, the lepton number of the neutrino beam must be nonzero. For example, if a neutrino beam is produced via charged-kaon decays, the net charge of the kaons in the beam should be nonzero. Otherwise, if the neutrinos are Dirac fermions, the same number of neutrinos and antineutrinos would be produced and these would decay, collectively, given that the lepton-number of each neutrino is not tagged, in an isotropic way: (1 + α cos θ) + (1 +ᾱ cos θ) = constant, using α = −ᾱ. Given that all man-made neutrino beams are produced by shooting protons on a fixed target (a charge-asymmetric initial state) and that the parent mesons are often charge-selected before they decay, this last condition is usually satisfied.
The angular distribution of the ν 4 decay products must be anisotropic in the Dirac case. Figure 3 depicts the Feynman diagrams we assumed for each of the decay modes we have considered. In Fig. 3 , the coupling of the γ to the neutral leptons is assumed to be via a transition magnetic dipole moment µ and an electric dipole moment d, while the coupling of the Higgs boson H 0 to the neutral leptons is assumed to be via a Yukawa interaction.
FIG. 3:
The processes assumed to dominate, in the Dirac case, the decays ν4 → ν l + X when X = γ, π 0 , ρ 0 , Z 0 , or H 0 . * One intriguing exception is when the heavy neutrinos are produced via the two-body-final-state decay of spinless charged mesons (e.g. K + → µ + ν 4 ) and the neutrino mass equals that of the charged lepton. In K + → µ + ν 4 , for example, the spinlessness of the parent meson requires that the µ + and ν 4 emerge with helicities of the same sign, even though the weak interactions would normally produce a right-handed µ + and a left-handed ν 4 . If the ν 4 and the µ + have equal mass, then the probability for the ν 4 to emerge with disfavored right-handed helicity equals that for the µ + to emerge with disfavored left-handed helicity. Thus, there will be as many decays with two right-handed daughter leptons as with two left-handed ones. That is, both the ν 4 and the µ + will be unpolarized.
A simple illustration of the non-isotropic angular distributions of Dirac neutrino decays is provided by the decay ν 4 → ν l + π 0 . Owing to the chiral structure of the Standard Model neutral weak current, if ν 4 and ν l are Dirac particles, the amplitude for ν 4 → ν l + π 0 is proportional tō
Here, u ν l and u ν4 are Dirac wave functions, p π is the momentum of the π 0 , m 4 is the mass of ν 4 , and we have neglected the mass of ν l . So long as the ν 4 and π 0 masses are not extremely close to being equal, the daughter ν l will be highly relativistic in the ν 4 rest frame. As a result, the left-handed chiral projection operator in Eq. (III.9) will make the amplitude for the ν l to have right-handed helicity negligible relative to that for it to have left-handed helicity. Thus, in essentially every decay, the parameter λ ≡ λ π − λ ν will be +1/2, and therefore the angular distribution of the pions from ν 4 → ν l + π 0 will be proportional to (1 + cos θ). This is as far from isotropy as it is possible to get in the two-body decay of a spin-1/2 particle [see Eqs. (II.1)-(II.4) ].
We have computed at leading order the decay-asymmetry parameters α for different neutrino decay final-states, assuming the neutrinos are Dirac fermions. These are tabulated in Table I and are all, in general, nonzero. Indeed, most are, in fact, order one in magnitude, with few exceptions.
TABLE I: Decay asymmetry parameters α for the two-body-final-state decays ν4 → ν l + boson, as defined in Eq. (II.4), assuming that neutrinos are Dirac fermions, m4, mρ and mZ are the mass of the heavy neutrino, the neutral ρ-meson, and the Z-boson, respectively. µ and d are the magnetic and electric transition dipole moments. Both are generated at one-loop assuming the heavy neutrinos interact as prescribed by the weak interactions.
It is interesting that the asymmetry parameter for the ν 4 decay into a vector boson V, ν 4 → ν l + V , vanishes for m 4 = √ 2m V , where m V is the mass of the vector boson. Furthermore, depending on the relative magnitude of m V and m 4 , it can have either sign. This is easy to understand. Angular momentum conservation allows one to write
The relevant amplitudes are proportional to dot products involving the polarization four-vectors for V so
and
where the proportionality factors (e.g. interaction strength) are the same for both amplitudes. Using Eqs. (III.11) and (III.12),
(III.13)
A. Other Practical Concerns
In order to observe the decay of the heavy neutrino into a particular final state, it is imperative that the rate of decay into this final state be great enough. This, in turn, requires that the heavy neutrino lifetime be short enough. We have estimated the heavy neutrino lifetime as a function of its mass [23, 35, 36] . The lifetime depends on the unknown new mixing parameters (|U α4 | 2 ). These are constrained by existing data and the current upper bounds are strongly dependent on m 4 [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Roughly, in the absence of new interactions, cτ 4 10 9 m for m 4 = 10 MeV,
† It is safe to conclude that a significant number of heavy neutrino decays requires masses larger than tens of MeV.
The mass region between tens of MeV and a few GeV is, not by chance, the main target of the NA48/2 and NA62 experiments at the CERN SPS [10] , and the SHiP [11] and DUNE [34] proposals. These experiments can look for heavy neutrinos by producing them in meson-decay processes and observing their decays inside a large decay volume. Given current constraints on heavy neutrinos, both the DUNE and SHiP proposals, for example, are capable of observing hundreds of heavy neutrino decays assuming these neutrinos have masses around 500 MeV. For these masses the dominant decay modes of the heavy neutrino are π 0 ν l , π + e − , and π + µ − . Even if charged-lepton final states are available, it is still not trivial to establish whether ν 4 is a Majorana or Dirac fermion in "neutrino-beam" experiments. First, the would-be lepton number of ν 4 must be tagged, not unlike the "The heavy neutrino sample must be polarized." discussion above. If this cannot be done on an event-by-event basis, it is still possible to establish that more ν 4 thanν 4 (or vice-versa) are produced in a beam experiment because of a charge asymmetry in the initial state. For Dirac neutrinos, this translates into more negatively-charged leptons than positively charged ones upon the heavy neutrino decay. Second, good charge identification is necessary to distinguish Dirac neutrinos from Majorana neutrinos in charged-particle decays. This is absent in experiments designed for neutrino oscillation searches and, at least in the case of electrons, may prove to be very challenging for the CERN experiments, including the SHiP proposal [11] . Absent the conditions spelled out here, the energy distribution of the final state boson remains an option.
As alluded to earlier, in order to establish whether the heavy neutrino decay is isotropic in the rest frame of the parent neutrino, the initial state of the neutrino -i.e., its momentum -needs to be well characterized. This is especially challenging given that we are interested in the decay of a heavy neutrino into a light neutrino and another Standard Model particle. Since the final-state neutrino is not measured, it is, in general, very hard to reconstruct the momentum of the parent heavy neutrino on an event-by-event basis. This issue can be bypassed, in principle, in a few ways. For example, it may be possible to learn about the kinematical properties of the heavy neutrino from its production. In case of heavy neutrinos produced by meson decays, for example, the neutrinos inherit the momentum distribution from the parent-mesons.
‡ This is especially convenient in decay-at-rest-beams, where the parent meson is stopped before it decays. In this case, if the heavy neutrino is the product of a two-body decay, it is monochromatic and its energy is known exactly. On the other hand, the heavy neutrino "beam" is isotropic and one may need to worry about the reconstruction (or lack thereof) of the direction of the heavy neutrino momentum.
On the other hand if, for example, we have a ν 4 beam of known direction, and both the π 0 ν l and π + e − decay modes are observed, we can use the visible final state (π + e − ) to reconstruct the energy distribution of the heavy neutrinos and then use this distribution in order to determine whether the π 0 ν l decay is isotropic. One last possibility is that there may be two heavy neutrinos, ν 4 and ν 5 . In this case, one can hope to observe, for example, ν 5 → ν 4 ρ 0 , followed by ν 4 → π + e − and fully reconstruct the momentum of the initial-state ν 5 . The mass region above tens of GeV is accessible to high-energy collider experiments, including those at the LHC [8, 9, 21] . The situation here is qualitatively different. The lepton number of the initial state -zero -is well known and there are circumstances where the lepton number of the final state can be characterized well. Since these ν 4 s are heavy, event topologies similar to pp → W + + stuff → + ν 4 + stuff → + + + stuff, where 'stuff' stands for reconstructed particles with zero lepton number, would unambiguously reveal that ν 4 is a Majorana fermion. On the other hand, knowledge of the properties of the heavy neutrinos would be available and it would be, in principle, possible to reconstruct the rest frame of the heavy neutral lepton and measure the decay angular distribution of its daughter boson X in ν 4 → ν l + X decays. The importance of looking at angular distributions at collider experiments was also highlighted in Ref. [37] . It should be noted that if ν 4 is heavy enough, X = Z 0 and X = H 0 may be accessible. The Higgs-final-state includes information on the neutrino Yukawa couplings.
IV. DISCUSSION AND CONCLUSIONS
Massive neutrinos are either Majorana or Dirac fermions. Given all neutrino-related information available, these two qualitatively different hypotheses are both still allowed. The reason for this is that, in the laboratory reference frame, neutrinos are almost always ultra-relativistic and, it turns out, it is very difficult to distinguish Majorana † These estimates are obtained assuming the square-magnitude of relevant elements of the mixing matrix |U α4 | 2 ∼ 0.1, which we assume is a loose upper bound on these new mixing parameters. The lifetime, of course, scales like 1/|U α4 | 2 . ‡ This is analogous to the conditions in long-baseline neutrino experiments. There, the neutrino energies are not known on an event-byevent basis, but the neutrino energy distribution is known with some precision. Furthermore, the neutrino energy cannot be trivially measured after it scatters in the near or far detector.
from Dirac neutrinos under these conditions. Experiments with non-relativistic neutrinos, on the other hand, have no difficulty distinguishing Majorana from Dirac neutrinos.
Here we explored the physics of neutrino decay, concentrating on how it can be used to establish the nature of the neutrinos. Decaying neutrinos are, in some sense, always non-relativistic -you can naturally describe the decay process in their rest frame -and we anticipate that Majorana and Dirac fermions can be qualitatively different. We showed that the angular distribution of the final state boson in the two-body decay N → ν l +X of a polarized neutrino N into a lighter neutrino ν and a self-conjugate boson X is isotropic in the parent's rest frame if neutrinos, including N , are Majorana fermions. In contrast, if neutrinos are Dirac fermions, the angular distribution in such decays is almost never isotropic. This is a very general -albeit approximate -result. It depends only on CPT-invariance and is exact at leading order. It is also exact to all orders if CP-invariance is respected in the neutrino sector.
We pointed out that while measuring the angular distribution of X in the parent neutrino rest frame may be very challenging, the same information is captured, in the laboratory frame, by the energy distribution of X, an observable that is, perhaps, more accessible, even to neutrino-beam experiments. We identified qualitative conditions that need to be met in order to attempt such measurements and critically discussed some of the challenges of telling Majorana from Dirac new neutrino states even if charged-lepton final states are accessible.
We did not explore other neutrino decay modes, including three-body final states (e.g. N → ν l + − ). We expect these also contain robust information capable of distinguishing Majorana from Dirac neutrinos. We hope to return to this topic in another manuscript.
We left out several possible sources of non-relativistic neutrinos from our discussion. The most prominent among them is the cosmic neutrino background. To detect these background neutrinos experimentally it may be possible to compensate for their very low energies using targets with vanishing threshold energies, such as beta-decaying nuclei [38] . The capture cross section of such neutrinos is inversely proportional to the neutrino velocity, as cross sections of exothermic reactions of non-relativistic particles typically are. In such cases, the number of capture events converges to a constant value as the velocity goes to zero, making experimental investigations somewhat more realistic [39] . Another possible source of non-relativistic neutrinos was suggested following the observation of a monochromatic, 3.5 keV emission line in the X-ray spectrum of galaxy clusters. Such a line may result from the decay of a 7 keV neutral fermion that decays into a photon and an active neutrino. Such neutral fermions are candidates for dark matter particles as they can be resonantly produced in the Early Universe [29] . Other conventional non-relativistic neutrino sources have been explored in the literature [2] [3] [4] [5] [6] [7] . While intriguing, the rates for the low-energy processes involving these sources are way outside the reach of even the most ambitious laboratories.
